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ABSTRACT: Most heterotrimeric G-protein subunits are posttranslationally modified by palmitoylation,

a reversible process that is dynamically regulated. We analyzed the effects; pafBitoylation for its
intracellular distribution and ability to couple to tffeadrenergic receptofAR) and stimulate adenylyl
cyclase. Subcellular fractionation and immunofluorescence microscopy of stably transfecteztityc
which lack endogenous @z, showed that wild-type @& was predominantly localized at the plasma
membrane, but the mutant C3AeG which does not incorporatéH]palmitate, was mostly associated
with intracellular membranes. In agreement with this mislocalization, C84-&howed neither
isoproterenol- or GT#S-stimulated adenylyl cyclase activation nor GBPsensitive high-affinity agonist
binding, all of which were present in the wild-typenGexpressing cells. Fusion of C3AeG with the

BAR [SAR-(C3A)Gog partially rescued its ability to induce high-affinity agonist binding and to stimulate
adenylyl cyclase activity after isoproterenol or G/BPtreatment. In comparison to results with the WT-
Gas and AR (BAR-Gas) fusion protein, the3AR-(C3A)Goss fusion protein was about half as efficient

at coupling to the receptor and effector. Chemical depalmitoylation by hydroxylamine of membranes
expressinggAR-Ga, reduced the high-affinity agonist binding and adenylyl cyclase activation to a similar
degree as that observed i\R-(C3A)Gos expressing membranes. Altogether, these findings indicate
that palmitoylation ensured proper localization ofiGand facilitated bimolecular interactions ofo&

with the AR and adenylyl cyclase.

Heterotrimeric G-proteiriglay a crucial role at the plasma  terminal cysteine residues. Palmitoylation is reversible, and
membrane, transducing extracellular signals of various kinds palmitate turnover accelerates upon G-protein activation,
to intracellular effector molecules such as adenylyl cyclase, suggesting a regulatory role for palmitoylation in G-protein
phospholipase C, and ion channels?). Each heterotrimer  signaling 6, 6). However, the function of palmitoylation
consists of aro. subunit, which exchanges GDP for GTP during G-protein signaling and particularlys Gignaling is
upon activation by its cognate receptor, ghandy subunits, not clearly understood. Does it act as a membrane-targeting
which are tightly bound together. In contrast to the receptors signal or does it directly affect proteirprotein interactions?
and effectors that are integral membrane proteins, G-protein - gjie_girected mutagenesis to prevent palmitoylation an G
subunits are peripheral membrane proteins associated withyp s leads to defects in receptor and effector interactions
the inner face of the plasma membrane. The membrane7_15) byt mutation of cysteine residues, independent of
attachment of @ and Gy subunits is facilitated by their 0 |55 of palmitoylation, can alter receptor and effector
covalent modification with lipidsg, 4). Most Goe subunits —jyieractions £3). In addition, depalmitoylation can reduce
undergo palmitoylation, the posttranslational attachment of o offective concentration of &subunits at the plasma
palmitic acid through a labile thioester bond to amino- o irane 15-17). A decrement in plasma membrane
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Ga fusion proteins have also been created but not previously 700 xg/mL and distributed into 96-well plates in 0.2 mL
used to test the function of &g palmitoylation. TheSAR- aliquots. After 4 weeks, Geneticin-resistant clones were
Gos fusion protein can undergo palmitoylation on both the selected further according to their expression levels as
BAR and Gus (21), efficiently couple to adenylyl cyclase, assessed by immunoblotting [for the clones transfected with
maintain high- and low-affinity binding states, and show GTP Gas or (C3A)Gog or isoproterenol-induced cAMP ac-
turnover rates similar to rates obtained after reconstitution cumulation levels [for the clones transfected with fi#eR-
of purified proteins into phospholipid vesiclet8]. Gas or SAR-(C3A)Gag). Thus, clones expressing approxi-
The goal of the present study was to determine the mately equal amounts ofdz or (C3A)Guss in their membrane
importance of palmitoylation on & for its receptor and  fractions and thAR-Gas or SAR-(C3A)Gas clones having
effector interactions. For this purpose, (1) we stably trans- comparable isoproterenol-induced cAMP acc_:umulatlon levels
fected S49 lymphoma cyells, which do not expressdG were selected and grown for further experiments.
with wild-type (WT) or a nonpalmitoylated mutant ofo& ImmunoblottingProteins were separated by SPISAGE,
alone or as fusion proteins with ti#&\R, and (2) we treated transferred to nitrocellulose paper, and detected with the
membranes from the cells expressing the fusion proteins with polyclonal, affinity-purified RM antibody, which recognizes
hydroxylamine to remove the palmitate. We found that the carboxy-terminal decapeptide ofxG(1 ug/mL) or a
palmitoylation both targets & to the plasma membrane and polyclonal antibody to the extracellular signal regulated
improvesBAR—Gas and Gus—adenylyl cyclase interactions ~ kinase 2 (ERK2) (Santa Cruz Biotechnologies) (1:1000), and

independent of membrane targeting. enhanced chemiluminesence (Amersham, Arlington Heights,
IL) using horse radish peroxidase-conjugated goat anti-rabbit
EXPERIMENTAL PROCEDURES and goat anti-mouse antibodies (developed in M.B.T.R.D.

Unit, Ankara University). An image analysis software
Materials. Cell culture media, fetal bovine serum, and (AIDA) and a camera system (Raytest, Straubenhardt,

antibiotics were purchased from Biochrom (Berlin, Ger- Germany) were used for the densitometric analyses of protein
many). Enzymes used in molecular cloning were obtained pands.

from New England Biolabs (Beverly, MA). GTP, G7B,

ATP, Pwo polymerase, and Complete Mini protease inhibi-
tors were purchased from Roche Diagnostics (GmbH
Manheim, Germany). Isobutylmethylxanthine, hydroxy-

Immunocytochemistry and Confocal Microsco@jnce
cyc cells do not attach to glass or plastic surfaces even in
' the presence of extracellular matrix proteins, all the incuba-
tion and washing steps were performed by resuspending the

Iamiﬂe hy(;jfrochloride, forskolin, andro-isgproter:enol WETI€  cells in the indicated solutions followed by centrifugation at
purchased from Sigma (Germany). Protein®epharose CL- 500, otherwise, all of the procedures were essentially as

48, EH]d(ijh¥droalprenolﬁl, an?}lﬁ]cyanopindglol hwereh_ described before2@). Briefly, (1—2) x 1 cells were
purchased from Amersham-Pharmacia (Buckinghamshire, ,ashe three times with 1 mL of PBS at room temperature,

England). fixed in 2% (w/v) paraformaldehyde in PBS for 20 min, and
Plasmid Constructs and Mutagenedibe cDNA encoding  permeabilized with 0.1% Triton X-100 (v/v) in PBS for 15
the long form of rat @s was in the pPCDNA 3.1+) vector  min. After being blocked with 1% (w/v) BSA in PBS, cells
(Invitrogen, Carlsbad, CA). The C3A mutant ofuGwas  were incubated fol h with 0.5ug/mL RM antibody in PBS
generated using a site-directed mutagenesis method basedontaining 0.1% BSA, followed by washing three times with
on the polymerase chain reaction, QuikChange (Stratagenep.1% BSA in PBS. Cells were then incubated foh with
La Jolla, CA), except the Pwo polymerase (Roche Diagnos- Cy3-labeled anti-rabbit antibody (ZYMED, San Francisco,
tics) was used. The cDNA encoding the 822 amino acid long CA) diluted 1:2000 in PBS containing 0.1% BSA. After
humang,-adrenergic receptetrat Goss fusion protein AR- being washed three times with PBS, cells were resuspended
Gas) in the pCDNAS vector was a kind gift of Dr. Tommasso in 50 4L of PBS, pipetted onto a microscope slide, covered,
Costa (Istituto Superiore de Sanita, Roma, Italy). The sameand immediately visualized with a Zeiss LSM-510 confocal
mutagenesis method was used to generate a palmitoylationmicroscope (Germany) equipped with 543-H¢e laser and
deficient fusion protein where the third residue on thesG  40x and 63« Zeiss plan-apo oil immersion objectives.
portion, a cysteine, was replaced with alaningAR- Cell Fractionation and Membrane PreparatioiCyc-
(C3A)Go,. Mutations were confirmed using ABI PRISM  ¢|i5 washed and pelleted in PBS, were lysed, homogenized,
dye terminator cycle sequencing (Perkin-Elmer-Cetus, Nor- gng fractionated into particulate and soluble fractions by
walk, CT). centrifugation at 1250@pfor 1 h as described before, except
Cell Culture and Stable TransfectioB49 lymphoma cyc mannitol was omitted from the homogenization buffa4)(
cells were grown in Dulbecco’'s modified Eagle’s media For the adenylyl cyclase and binding assays, cells were lysed
supplemented with penicillin (100 1U/mL), streptomycin (100 and homogenized by passing-105 times through a 26-
ug/mL), and 10% (v/v) fetal bovine serum, at 3T in a gauge syringe tip in a buffer containing 5 mM Tris-HCI,
humidified atmosphere of 5% GOCyc™ cells were trans- pH 7.4, and a mixture of protease inhibitors, diluted
fected by electroporation essentially as described beR#e (  according to manufacturer’s recommendation (Complete
except that transfections were performed with the Electropo- Mini, Roche Diagnostics). Unbroken cells and nuclei were
rator 1l (Invitrogen, San Diego, CA) at a setting of 500 V pelleted by centrifugation at 4§dor 5 min. The membrane
and 71uF, and 40ug of circular plasmid DNA was used pellet, obtained by centrifugationfd h at4000Q of the
for each transfection. Twenty-four hours after the transfec- supernatant, was washed once with a buffer containing 50
tion, cells were diluted with 20 mL of medium containing mM Tris-HCI, pH 7.4, 5 mM MgC]J, protease mixture, and
Geneticin (Gibco, Carlsbad, CA) at a final concentration of 0.2 mg/mL dithiothreitol. The pellet was resuspended at a
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concentration of 23 mg/mL in a buffer containing 50 mM WT C3A WT C3A
Tris-HCI, pH 7.4, 10 mM MgCJ, protease inhibitors, and
25% (w/v) sucrose and stored-a70 °C. Protein concentra-
tions were determined by the Bradford assay using bovine ERK? —
serum albumin (BSA) as the standa@&by, 5 b s s

.Membrane Attachment after GyB '_I'reatment.Slxty Ficure 1: Subcellular fractionation of WT- and C3Aea Cyc™
micrograms of cell membranes was incubated with and ce)i5 stably transfected with the WT- and C34+&DNAs were
without 10uM GTPyS in a buffer containing 50 mM Tris-  separated into particulate (P) and soluble (S) fractions by centrifu-
HCI, pH 7.4, 100 mM NacCl, and 10 mM Mggfor 4 h at gation at 125009, and 5ug of protein from each fraction was
37 °C. The samples were separated into particulate andajotijt?ncg;e\?vittr? tﬁESRP@C;Eﬁb%rc?yte'srése%eﬁo?né:yéfgnb’éﬁﬁrggg°'
soluble fractions by centrlfugatlon at :_LZS@)Q)I’ 1h. The specific for the cytosolic protein, ERK2.
pellets were resuspended in the initial volume of buffer.

Equal volumes of particulate and soluble fractions were of [*H]dihydroalprenolol in a final volume of 10QiL.

subjected to SDSPAGE for immunobilotting. Alprenolol at a concentration of AM was used to determine
Determination of Membrane Adenylyl Cyclase Attiand the nonspecific binding for each concentration &f]f
CAMP Accumulation in CellsAdenylyl cyclase activity in dihydroalprenolol. After incubation at 37C for 120 min,
cell membranes was measured essentially as described beforeells were filtered through a Whatman GF/C filter, using a
(26). Briefly, membranes were preincubated in 96-well plates cell harvester. Radioactivity on the filter was counted by
(0.5-1 ug/well) with indicated stimulants for 5 min (or at  liquid scintillation by the use of a Wallac Microbeta Trilux
least 1.5 h with GTPS) in 100uL, at 37 °C. Assay was counter.
initiated by adding 5Q:L of adenylyl cyclase assay buffer Hydroxylamine TreatmenThe pH of the hydroxylamine
(final concentrations: 50 mM Tris-HCI, pH 7.4, 100 mM  solution was adjusted to 7.4 with 100 mM Tris-HCI and
KCI, 10 mM MgClk, 0.5 mM ATP, and 1 mM isobutylmeth-  KOH. The control solution contained 100 mM Tris-HCI and
ylxanthine) and terminated after 5 min by adding 80 0f equimolar KCI. We observed that agonist binding charac-
0.4 N HCI. For cAMP accumulation experiments in whole teristics of the8AR-Gas fusion protein were sensitive both
cells, cyc cells were washed with serum-free media, to the high salt concentration present in the matching control
incubated with 1 mM isobutylmethylxanthine for 15 min and solution d 1 M hydroxylamine (usual concentration used to
with isoproterenol for an additional 15 min. Reaction was depalmitoylate proteins) and to the washing step that
terminated by addition of 0.5 volume of 0.4 N HCI. The followed the incubation. Thus, we used 0.5 M hydroxylamine
CAMP amount was measured by radioimmunoassay asand omitted the washing step. Membranes were incubated
described before2g). in the solutions with or without hydroxylamine for 45 min

Binding ExperimentsThree micrograms of the membranes at 20°C, immediately diIute_d after the incupation, and added
expressing WT- or C3A-@ or 1.5ug of the membranes 10 the binding assay. The final hydroxylamine concentration
expressingBAR-Gas or SAR-(C3A)Gu, was incubated in N the assay was less than 2 mM. Hydroxylamine (1 M) or
the presence of 2040 pM []CYP and the indicated the corresponding control solution (see above) was used to
concentrations of isoproterenol, with or without GI9(10  treat membranes for the adenylyl cyclase assays.
uM) in the binding buffer (50 mM Tris-HCI, pH 7.4, 100 RESULTS
mM KCI, 10 mM MgCb) in a final volume of 25QuL, at
27 °C for 3 h. Pipettings were performed using a Biomek  Membrane Attachment and Intracellular Distribution of
2000 laboratory automation workstation (Beckman Instru- WT- and C3A-@.. To assess the function and intracellular
ments, Fullerton, CA). Reaction was stopped by filtration location of a nonpalmitoylated mutant ob we expressed
through Whatman GF/B filters with the use of a cell harvester the WT and C3A mutant of & by stable transfection of
(Skatron, Lier, Norway). Data were analyzed using the cyc cells, which do not have endogenousd®&28). Mutation
LIGAND program @7) or by the regression of the four- of the cysteine at residue 3 abolishes palmitoylation af G
parameter logistic equation. G¥B-induced shift in isopro- (7, 24, 29). The cells were separated into crude membrane
terenol binding curves was analyzed by evaluating the areaand cytosol fractions by centrifugation. ERK2, a cytosolic
between the two binding curves obtained in the presence orprotein G0), was found predominantly in the soluble fraction
absence of GT§S. The area between the curves was with this fractionation procedure (Figure 1). Both the WT-
obtained by subtracting the areas under the normalizedand the C3A-@&s were expressed primarily and approxi-
binding curves, which were calculated according to Simp- mately equally in the particulate fractions of the transfected
son’s rule of numerical integration. Membrane amounts of cyc™ cells with a 3-fold higher expression of C3AeGin
the fusion proteins were determined by single point saturationthe soluble fraction (Figure 1).
binding assays, using2g of membrane protein and 2 nM Immunofluorescence confocal microscopy on the stably
[*™]CYP. Nonspecific binding was estimated in the presence transfected cyc cells showed that WT-G was primarily
of 10 uM propranolol. Whole cell saturation binding experi- localized at the plasma membrane, whereas C3A\@as
ments were carried out by usingH]dihydroalprenolol as  expressed within the cell (Figure 2). Essentially no staining
the radioligand at a concentration range of 0:6080 nM was seen for the vector-transfected cells with the antibody
(97 Ci/mmol specific activity). Cells that were washed with specific for Gxs or for the transfected cells without the
serum-free DMEM twice were incubated at 3Z for 1 h, specific antibody (data not shown). This result, in conjunction
distributed to a 96-well plate at a concentration of 100000 with the fractionation studies showing C3AeGpredomi-
cells per well, and incubated with indicated concentrations nantly in the particulate fraction (Figure 1), indicates that

GUS e — -
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Table 1: Functional Assays of CycCells Expressing the WT- and C3Ae&

isoproterenol bindinglq (NM)¢

CAMP accumulation adenylyl cyclase activity

[pmol (1 cells)* min=1]P [pmol (mg of proteiny* min~1]° GTPYS ()
isoproterenol (10@M) isoproterenol (10xM) GTPyS (100uM) Kn KL GTPYS (+)
vector 0.001+ 0.006 5.1+ 0.3 11.8+1.7
C3A-Gas 0.42+0.04 45+1.2 20.3£ 0.1 1164+ 62.9 163+ 64.7
WT-Gas 2.6+ 0.02 59.44+ 16.1 135. 4 32 4.4+ 0.3 566+ 163 156+ 95.4

aCyc cells were stably transfected with vector alone or with the cDNAs for the WT or C3A mutantPGAMP accumulation assays were
performed in whole cells after preincubation in 1 mM isobutylmethylxanthine for 15 min and then with and without isoproterenol for 15 min.
Shown are the net isoproterenol-induced accumulations, i.e., the difference between the values with and without isoproterenol treatment. Data are
the meant= SEM from two experiments performed in six replicatée$he adenylyl cyclase assay was performed on membranes preincubated for
5 min with isoproterenol and AM GTP or for 90 min with GTRS and incubated in the assay buffer for 5 min as described under Experimental
Procedures. Shown are the net activities, i.e., the difference between the values with and without the indicated treatments. Data ate the mean
SEM from two experiments! The competition binding assays were performed as described under Experimental Procedures on membranes incubated
with 20 pM [*?9]CYP and a range of isoproterenol concentrations in the presence or absenceMf@GUPyS for 3 h. Binding parameters were
estimated by the use of the LIGAND prograik, and K_ are the high- and low-affinity equilibrium dissociation constants for isoproterenol,
respectively. Data are the meanSEM for two experiments® The percentage of high-affinity binding sites was-5416%.

WT C3A WT C3A_
St = 9

GTPYS - + - + - + - +

particulate soluble

FIGURE 3: GTPyS-induced release of &z from the membrane.
Equal amounts of membranes expressing WT- or C34-@ere
incubated with or without 1M GTPyS at 37°C for 4 h and
separated into particulate and soluble fractions by centrifugation
at 10000@ for 1 h. Pellets were resuspended in the initial volume
of buffer, and equal volumes from each fraction were subjected to
immunoblotting with an antibody to &.

(Table 1; only the net isoproterenol- or Gj&-induced
activities are shown).

We studied the agonist binding characteristics ofAAR
in membranes from WT- or C3A-& transfected cells
because the presence of high-affinity agonist binding and
its sensitivity to a guanine nucleotide reflect the functional
interaction between a receptor and a G-protein. The mem-
branes from cells expressing the WTx{showed high- and
low-affinity agonist binding, and GTFS abolished the high-

Ficure 2: Intracellular localization of WT- and C3A-& in stably

transfected cyccells. Cells expressing WTz (a) and C3A-@s

(b, c) were fixed in 2% paraformaldehyde, permeabilized with 0.1%
Triton X-100, and stained by incubations first with the rabbit
polyclonal RM antibody to @s and subsequently with the CY3-
labeled anti-rabbit antibody. A confocal microscope was used to
examine the cells.

mutation of C3 led to a loss of the specific targeting @f.G

affinity component of the binding (Table 1). In membranes
expressing C3A-@s, isoproterenol exhibited single-site
binding in both the absence and presence of &3 Frable

1). The C3A-Gis mutant was able to bind GS because
incubation of membranes from the stably transfected cells
with GTPyS showed a release of the C3AxGmutant to

the soluble fraction that was considerably higher compared

to the plasma membrane but that the C3A mutant can still to the release of WT-& or C3A-Gas without GTR/'S

nonspecifically attach to intracellular membranes.
C3A-CGus Cannot Functionally Interact with th6AR or

Adenylyl CyclaseWe tested the ability of the nonpalmito-
ylated C3A-Gxs to couple to thggAR and adenylyl cyclase.

In a whole cell assay, the C3Aeztransfected cells showed
a minimal increase in cAMP accumulation in response to
isoproterenol compared to the response in the WE-G
transfected cells (Table 1). The adenylyl cyclase activity in
response to isoproterenol or GI® of membranes from cells

(Figure 3). These results show that the nonpalmitoylated
C3A-Go;s did not functionally interact with its receptor or
effector.

Expression of thAR-Gas Fusion ProteinsWe assessed
the role of Gy palmitoylation forBAR—Gs and G—adenylyl
cyclase interactions independently from its role in membrane
attachment and trafficking by using @AR-Gas fusion
protein (Figure 4A). This fusion protein ensures a 1:1
stoichiometry folAR and Gus at the membrane, regardless

expressing the nonpalmitoylated C3A mutant was concentra-of the trafficking properties of the &. The JAR-Go.s fusion

tion-independent (data not shown) and did not differ (iso-
proterenol) or differed only marginally (GT3) from results
from membranes from vector-transfected cells (Table 1). In
comparison, the cells expressing the Wa:Ghowed a

protein can undergo palmitoylation through a thioester
linkage to residues corresponding to C341 in f#R and
C3in Gos (21). (We were unsuccessful in immunoprecipi-
tating adequate quantities of the fusion protein in“cgells

prominent and concentration-dependent increase in adenylylto detect $H]palmitate incorporation.) Both thBAR-Gas

cyclase activity after incubation with isoproterenol or G8°

and thefAR-(C3A)CGoas cells were expressed as approxi-
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Amca. .. sLL MGC ... . ELL immunoblotting. Scatchard analysis of the saturatit-
— dihydrolprenolol binding experiments conducted on intact
cells showed about a 2-fold higher cell surface expression
of the SAR-(C3A)Gos compared to thggAR-Gos (Figure
4C). The different levels of expression were likely due to
A selecting clones with similar cAMP accumulation after
Linker (LDPRSDYKDDDDKGS) isoproterenol stimulation (see below). The cell surface
B expression of thAR-Gos was also seen by immunofluo-
- rescence microscopy using an antibody to the carboxy
terminus of G (Figure 4D). The pattern of staining at the
cell periphery for the recepteitGos fusion protein was
cyc- PAR-Gos PAR- similar to the staining for the WT-& (Figure 2a).
(C3A)Gas Receptor and Effector Coupling of th#AR-(C3A)Gs
c el Fusion ProteinCyc™ cell membranes expressing thAR-
0.12 Ga, exhibited GTRS-sensitive, high-affinity isoproterenol
0.101 binding, indicating a functional coupling of these proteins
0.08 (Figure 5A). This high-affinity isoproterenol binding was
' present in the membranes expressingiAR-(C3A)Gos as
0.06 1 well but was reduced compared to the membranes expressing
0.04 BAR-Gas. As a rough measure of GJB-induced shift in
0.02 agonist binding curves, we used the area between the binding
curves obtained in the presence or absence ofy&TFhis

hp2 AR (413 aa) rGos (394 aa)

Bound/Free
E

]

Bound (cpm)

Bound/Total

-1 -10 -9 -8 -7 guantity depends on the relative positions of the two binding
Log [Total, {M)]

curves and was calculated as the difference between the
whole areas under the two individual normalized binding
curves (denoted aSAUC). The AAUC calculated from the
isoproterenol binding curves $AR-(C3A)Ga, expressing
membranes was about one-third of that obtained with the
membranes expressing tfAR-Gas (Figure 5B).

Consistent with the binding data, isoproterenol-stimulated
adenylyl cyclase activity of the membranes expressing the
PAR-(C3A)Gas was reduced about 45% compared to the
membranes expressinBAR-Gos (Figures 6A and 7A).
Maximum GTP/S-induced adenylyl cyclase activity BAR-
(C3A)Gas was also reduced by about 40% compared to
PAR-Goss (Figures 6B and 7B). The higher basal activity in
the isoproterenol assay compared to the gIRssay was
FiGURE 4: (A) Schematic representation of the fusion protein of likely due to the presence of GTP in the assay buffer with
g‘&ng&;ﬁd{éﬂEﬁ'ﬁ e;escigﬁtg%%éga?fnctjhﬂeAlF({)_n(%;cX)”&gi;at isoproterenol. These results demonstrate that the functional
stably transfected cyc cell membranes. Ten micrograms of ~Interactions of C3A-@s with the SAR or adenylyl cyclase
membrane protein from cyccells or cells stably transfected with ~ were less efficient compared to WTeGwhen both were
the indicated cDNAs was subjected to SBIBAGE and immuno- expressed as fusion proteins with {h&R.
blotting with an antibody specific for the carboxy terminus afG Hydroxylamine Treatment of Membranes from Cells

The migration of the 98 kDa molecular mass marker is shown to : : . Lo
the left. (C) Cell surface expression levels of fusion proteins. Cyc Expressing thesAR-Cois Fusion Protein To determine if

cells expressingSAR-Gas (@) or BAR-(C3A)Gas (O) were our results with thggAR-(C3A)Gas fusion protein were due
incubated with the indicated concentrations3f]flihydroalprenolol to mutation of the cysteine residue rather than the loss of
for 2 h at 37°C and filtered through a Whatman GF/C filter. The  palmitoylation, we performed functional studies on cell
first four data points at lower concentrations are presented in & membranes that had been treated with hydroxylamine to
Scatchard graph (inset). Estimated expression levels were 10000D K thi ter bond d rel Imitate. Both t
and 20000 copies per cell ffJAR-Gos and SAR-(C3A)Gas, rea loester bonds and release palmitate. both partners
respectively. (D) Intracellular localization g8AR-Gas. Cells of the SAR-Gass fusion protein can be depalmitoylated upon
expressingfAR-Gas were fixed in 2% paraformaldehyde, perme-  treatment with hydroxylamine2(). So, a possible confound-
at_JiIized with _O.l% Triton X-lOO,_and stained by incubation_s first ing factor in our experiments could be the removal of
with the rabbit polyclonal RM antibody and subsequently with the palmitate on theBAR. However, depalmitoylation of the
CY3-labeled anti-rabbit antibody. A confocal microscope was used . Lo
to examine the cells. BAR by hydroxylamine treatment and then reconstitution into
a membrane preparation did not change adenylyl cyclase
mately 105 kDa proteins in stably transfected tgells as activity after isoproterenol stimulation, indicating that the
seen by immunoblotting with an antibody to the carboxy- ligand binding and G-protein coupling characteristics of the
terminal sequence of & (Figure 4B). Their expression nonpalmitoylated3AR remain intact 81).
levels as assessed BY|CYP saturation binding were 4.9 Hydroxylamine treatment of membranes from cells ex-
and 8.0 pmol/mg of membrane protein for &R-Gas and pressing SAR-Gas reduced the GTFS-induced shift in
BAR-(C3A)Gas, cells, respectively, that correlates with the isoproterenol binding by about 50% compared to membranes
higher expression level of thBAR-(C3A)Gos seen on incubated in the control solution (Figure 5C). Treatment of
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FIGURE 6: Isoproterenol- or GTFS-stimulated adenylyl cyclase
IOg[M] ISOprOterenOI activity of cyc™ cell membranes expressing the fusion proteins. (A)
Membranes expressiftAR-Gos (®) or SAR-(C3A)Ga, (O) were
B C preincubated for 5 min with the indicated concentrations of
12 - 12 - isoproterenol. Adenylyl cyclase assay was initiated by the addition
of assay buffer containing kM GTP. (B) Membranes were
1 ' preincubated with the indicated concentrations of ¢$Ror 90
') min, and then the adenylyl cyclase assay was performed in the
D s 03 presence of GTFS. Shown are the representatives of two experi-
5 * ments performed in quadruplicate. A four-parameter logistic
0 06 equation was fit to the data.
o0 64
=2 *
w04 0.4 - Ga fusion protein by 60% and 55%, respectively, to levels
EJ similar to corresponding activities of both the hydroxylamine-
02 0.2 1 treated and untreatgthR-(C3A)Gos expressing membranes
) . (Figure 7).
) ) Forskolin-stimulated adenylyl cyclase activities of the
BAR-Gos BAR- Hyd(-) Hyd(+) A

(C3A)Gas

membranes expressififR-Gos and SAR-(C3A)Gas were
reduced by about 25% and 35%, respectively, after hydroxyl-

Ficure 5: GTPyS-induced shift in isoproterenol binding in cyc
cell membranes. (A, B) An isoproterenrd34]CYP competition
binding assay was performed as described in Table 1 for cgtt

amine treatment (Figure 8), possibly from a direct effect of
hydroxylamine on adenylyl cyclasg2). However, the excess
membranes expressingAR-Go,s and SAR-(C3A)Gas or (C) in 35% and 30% decrease seen after hydroxylamine treatment
membranes expressiBAR-Gas, treated with or without 0.5 M in isoproterenol- and GTFS-stimulated adenylyl cyclase
neutral hydroxylamine (Hyd). (B, C) The area between the activities, respectively, of thBAR-Gas expressing mem-

normalized binding curves obtained in the presence or absence of ;

GTPyS (AAUC) wgs calculated as describepd under Experimental branes was apsent,ﬁAR-(C?.A)GaS mem_branes (Flgure 8.)'
Procedures. MeaNAUCs (+SEM) of five to six experiments are Hydroxylamine can have nonspecific effects including
presented relative t8AR-Go in (B) and relative to Hyd €) in changes in membrane viscosity, but the lack of further
(C). The asterisk notes significant differences witl¥ 0.05 on a functional impairment of th8AR-(C3A)Gos mutant beyond
pairedt-test. the nonspecific effects on adenylyl cyclase suggests that the
membranes with hydroxylamine decreased the isoproterenol-primary effect of hydroxylamine in these experiments was

and GTR'S-stimulated adenylyl cyclase activity of tHAR- depalmitoylation of G,. These results, in conjunction with
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8 1 Isoproterenol

o o o
1 1 1

=
o
1

Relative adenylyl cyclase activity
O v~ 4

(=1

(pmol cAMP/pmol fusion protein/min) >
S

0 - : . BAR-Gos  PBAR-(C3A)Gas

BAR-Gos BAR-(C3A)Gas Ficure 8: Effect of hydroxylamine treatment on the adenylyl
cyclase activity of cyc cell membranes expressing the fusion
proteins. Membranes were preincubated with or without 1 M

16 - hydroxylamine at room temperature for 45 min and assayed for
GTPYS forskolin-stimulated (black bars), isoproterenol-stimulated (white
14 bars), or GTRS-stimulated (gray bars) adenylyl cyclase activity
as described for Figure 6. Forskolin, isoproterenol, and &&TP
12 4 concentrations were 0.1 mM, 1QM, and 1uM, respectively.
Adenylyl cyclase activities of hydroxylamine-treated membranes
10 are presented relative to the control membranes. Data are the mean

+ SEM of four experiments performed in quadruplicate.

showed similar results: compromised formation of a recep-
tor—G-protein complex and poor stimulation of adenylyl

4 cyclase.
Palmitoylation Supports Plasma Membrane Localization
2 1 of Gas. G-protein signaling occurs at the plasma membrane

where G-proteins transduce signals from cell surface recep-
tors to membrane-bound effectors. Palmitoylation is a critical
BAR-Gas BAR-(C3A)Gas factor in this localization of G-proteins. Mutation of amino-
FiIGURE 7: Effect of hydroxylamine treatment on isoproterenol- or  terminal cysteine residues that prevent palmitoylation dis-
GTPyS-stimulated adenylyl cyclase activity of cycell membranes  rupts the plasma membrane localization of sonesGbunits
expressing the fusion proteins. Membranes were treated with (White(15— 17). The intracellular location of the C3A mutant of
bars) or without (black bajsl M hydroxylamine at room temper- G4 could not be determined in a previous study because it

ature for 45 min and assayed for isoproterenol-induced (A) or .
GTPyS-induced (B) adenylyl cyclase activity. The adenylyl cyclase &S Predominantly soluble7{17). Our results show that

assay was performed exactly as described for Figure 6. For (A), the plasma membrane targeting ofiGvas disrupted with

the adenylyl cyclase activity shown is the difference between the mutation of the acylation site. The inability of the nonpalmi-
activity in the presence of 1M isoproterenoh- 1 M GTP and toylated C3A-Gs to talk to its receptor and effector was
the activity in the presence of AM GTP. For (B) GTR'S was jikely due to both decreased plasma membrane localization
used at a concentration of AM. Data are the meat: SEM of L g . .
four experiments performed in quadruplicate. and the diminished protein interactions of this mutant.

) ) o Protein acyl transferase activit33) and Gy subunits
those using thgAR-(C3A)Gas fusion protein, indicate that  4re found at the plasma membraBé)( where they regulate
localizing a nonpalmitoylated & at the plasma membrane  recinrocally the localization of G GBy binding is needed
could restore some of its signaling ability. However, palmi- ¢4, palmitoylation (L7), and palmitoylation increases the
toylation was still necessary ford‘s.to couple to theBAR affinity of the Gas subunit for Gy (35). In addition, the
and adenylyl cyclase with full efficiency. hydrophobicity of palmitoylation efficiently stops translo-

cation off the membrane36). For the “dock and lock” model

DISCUSSION of Ga targeting, @y binding docks the @ subunit, and

Cells control protein palmitoylation to regulate the mem- palmitoylation locks it in place37). Therefore, our finding
brane attachment, intracellular targeting, and conformation that the C3A mutant was located on membranes besides the
of proteins. Here we dissected the role of palmitoylation on plasma membrane suggests that a protein interaction besides
protein interactions for @. We found that @&s needed Gy binding or another modification may be involved.
palmitoylation for plasma membrane localization. Forcing Strong experimental evidence points to the presence of a
Gos to the plasma membrane through fusion of a nonpalmi- second hydrophobic modification near the amino terminus
toylated mutant of @Gs to theSAR only partially rescued its  of Go, though it has not been identified, y&8]. This factor
ability to functionally couple to theBAR and adenylyl alone may allow weak nonspecific membrane attachment
cyclase. This result is unlikely to be secondary to the cysteine whose detection would be sensitive to experimental condi-
point mutation because removal of palmitate from WdsG  tions such as epitope tagging and methods of depalmito-

(pmol cAMP/pmol fusion protein/min) 03

0 4 T ,
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ylation (mutational vs chemical and enzymatic) and explain
the wide range of reported loss obGmembrane attachment
induced by depalmitoylation/( 24, 29, 39).

Palmitoylation of Gs and Receptor and Effector Interac-
tions. Palmitoylation is not an absolute requirement far G
signaling because recombinanturified from bacteria
is not palmitoylated and can couple to {B&R and adenylyl
cyclase after reconstitution into membrané8)( Our results
show that placing a nonpalmitoylatedxéclose enough to
the SAR and adenylyl cyclase by fusingdsto the carboxy-
terminal tail of theBAR was adequate to restore some @f G
signaling. However, even with & residing on the correct
membrane, the lack of palmitoylation still limited receptor
and effector coupling.

Impairment in functional Gs—receptor and Gs—effector
coupling could not occur through release ofGrom the

Ugur et al.

depending on the enzyme activities of the thioesterase and
transferase in the membrane.

Agonist binding to a Gcoupled receptor starts both a
GTPase and thioacylation cycle whose actions finely regulate
Gas signaling within the cell. The novel finding of this study
is that palmitoylation may have a role in the functional
interactions of @& with both theSAR and adenylyl cyclase,
in addition to localizing @& at the plasma membrane. The
question of whether palmitoylation of dg modifies SAR
and adenylyl cyclase interactions through a change in protein
conformation or stable anchorage in a proper orientation
remains to be answered.
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occur through changes onoGrelating to its (1) conforma-
tion, (2) proximity to the membrane, or (3) orientation to
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to the amino terminus of a nonpalmitoylated mutant of;G
can restore its effector coupling’)( The ability of the
nonpalmitoylated @, to efficiently couple to the receptor
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by a closer proximity to the membrane. The carboxy-terminal
tail of the axa-adrenoreceptor has only 24 residues, whereas
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In the present study, we did not address the interaction
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emphasize the importance of palmitoylation, if persistent
palmitoylation of Gxs improves its activity. If depalmito-
ylation does occur during activation or preparation of the
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